To determine the accuracy of point-of-care ultrasonography for the diagnosis of pneumonia in children and young adults by a group of clinicians.
lung consolidation in children (Figure 1 and video [http: //www.jamapeds.com]) was reported by Weinberg et al 8 in 1986 . Because it was impractical to use as an initial diagnostic test if used at all, radiology department ultrasonography has been largely confined to a supplemental role in evaluating complex pneumonia. 9 Recent advances in technology have made portable or handheld ultrasonography machines more available. 10 Point-ofcare ultrasonography use by clinicians of different medical specialties-beyond traditional users, such as cardiologists and obstetrician-gynecologists-has grown in the past decade. 11, 12 Such use for evaluating pneumonia has been shown to be feasible and accurate with experienced clinician-sonologists. [13] [14] [15] [16] Our objective was to determine the accuracy of clinician-performed point-of-care ultrasonography for the diagnosis of pneumonia in children and young adults. We used chest radiography as a reference standard for the diagnosis of pneumonia in children and young adults seen in an acute care setting.
METHODS

STUDY DESIGN AND SETTING
This prospective observational study adhered to the Standards for Reporting of Diagnostic Accuracy criteria 17 for research involving diagnostic accuracy. The study was conducted from November 1, 2008 1, , until May 31, 2010 , at 2 affiliated academic urban emergency departments. The study was approved by our institutional review board. Our study population consisted of a convenience sample of patients who met predetermined inclusion criteria and in whom informed consent and patient assent in those 7 years or older had been obtained and docu-mented from the patient or a guardian for enrollment into the study.
Inclusion criteria were patients from birth to age 21 years seen in the emergency department with clinical suspicion of community-acquired pneumonia requiring chest radiography for evaluation. We excluded (1) patients who arrived in the emergency department with a chest radiograph, (2) patients who had a previously confirmed diagnosis of pneumonia by diagnostic imaging, and (3) patients who had hemodynamic instability.
Study sonologists (clinicians who perform and interpret ultrasonography) consisted of 15 pediatric emergency physicians with varying levels of emergency ultrasonography experience. 18 They underwent a 1-hour chest sonography training session given by one of us ( J.W.T.) before the start of the study. The training consisted of a 30-minute lecture on lung ultrasonography and recognition of pathology and potential errors, followed by a 30-minute practical hands-on imaging session of normal models. During this training, sonologists were taught to identify the presence of pneumonia (lung consolidation with sonographic air bronchograms 8 ), as well as viral pneumonia lung ultrasonography patterns (B-lines, confluent B-lines, or small subpleural consolidations), 19, 20 pleural effusion (anechoic space between the lung and chest wall or diaphragm), atelectasis (lung consolidation without sonographic air bronchograms), and pneumothorax (absent lung sliding or lung point). 21 
METHODS OF MEASUREMENT
Enrolled patients had a routine clinical examination performed in the emergency department by study sonologists. Abnormalities in auscultation were documented as crackles, rhonchi, decreased breath sounds, or wheezes on anterior, posterior, and lateral diagrams of the lung and preceded ultrasonography. Crackles or decreased breath sounds were defined as the diagnostic test findings used to classify pneumonia in patients by auscultation. The overall clinical impression and the pretest probability for pneumonia were also documented on a structured data sheet before ultrasonography. The patients then were classified as positive or negative for pneumonia based on the presence or absence of lung consolidation with sonographic air bronchograms 8, 13, 14 on ultrasonography (and the presence was noted of any other abnormal lung ultrasonography findings demonstrated in the training session already described) using a 6-zone lung ultrasonography imaging protocol (video and eFigure 1) similar to that described by Copetti and Cattarossi. 13 Lung consolidation on ultrasonography is visualized as a subpleural echopoor or tissuelike region with blurred margins or wedgeshaped borders. Sonographic air bronchograms are hyperechoic linear elements representing air in bronchioles that appear within the hypoechoic consolidated lung. 8 The reference standard for pneumonia was the attending pediatric radiologist's reading of the chest radiograph (posteroanterior and lateral views), reported as consolidation, infiltrate, or pneumonia, with negative and equivocal chest radiograph definitions similar to those in the study by Neuman et al. 22 Equivocal chest radiograph readings for pneumonia ("cannot exclude pneumonia" or "infiltrate vs atelectasis") by radiologists were defined as negative for pneumonia to avoid inflating test performance characteristics of ultrasonography relative to chest radiography. Results of clinical examination findings and point-of-care ultrasonography were compared with the reference standard to determine test performance characteristics. Study sonologists were blinded to chest radiography results when performing the auscultation and pointof-care ultrasonography. Radiologists were blinded to auscultation and ultrasonography results. 
OUTCOME MEASURES
Clinical follow-up measures were obtained and documented on a structured data sheet by one of us (V.P.S.) after 2 weeks to determine the disposition and the clinical course of enrolled patients. Follow-up outcomes obtained included (1) clinical deterioration requiring treatment with antibiotics following discharge from the index emergency department visit, (2) the need for an unscheduled health care visit or hospitalization after the index emergency department visit, and (3) clinical improvement on an antibiotic regimen if prescribed.
To determine reasons for discrepancies between point-ofcare ultrasonography and chest radiography, quality assurance monitoring was performed by a sonologist ( J.W.T.) with more than 10 years of point-of-care ultrasonography experience. The investigators-sonologists (V.P.S. and J.W.T.) reviewed all ultrasonography images via digital movie clips to classify errors 23 made by study sonologists.
DATA ANALYSIS
Demographic data are reported as frequencies, medians (interquartile ranges) for ordered nonnormal data and as means (SDs) for continuous normal data. Discrete and ordinal variables are described as counts and proportions. We calculated point-of-care ultrasonography and clinical examination test performance characteristics, including likelihood ratios (LRs) and sensitivity and specificity with 95% CIs. Based on pilot data to anticipate discrepancies between ultrasonography and chest radiography, we had observed that ultrasonography would identify lung consolidation of 1 cm or less with sonographic air bron-chograms undetectable by chest radiography (Figure 2 ). Subcentimeter lung consolidation with sonographic air bronchograms was classified on ultrasonography image review. We performed a subgroup analysis with these cases excluded because they were classified as false-positives in the overall analysis. This was to account for the inability of chest radiography to detect subcentimeter lung consolidation with sonographic air bronchograms visualized on ultrasonography that would artifactually decrease the specificity of ultrasonography. To examine the effect of experience on accuracy, a subgroup analysis stratified by sonologists with more than 25 vs 25 or fewer lung ultrasonography examinations was performed. This cutoff was chosen because it is the minimum number of training examinations per application required for emergency ultrasonography credentialing based on the American College of Emergency Physicians' emergency ultrasonography guidelines. 18 Also calculated was the interobserver agreement (Cohen ) for the diagnosis of pneumonia between enrolling sonologists' interpretation and an investigator-sonologist ( J.W.T.) reviewing obtained video blinded to clinical examination findings. Data analysis and test performance characteristics were calculated using commercially available software (SPSS version 16.0 for Windows; SPSS Inc).
ULTRASONOGRAPHY TECHNIQUE
Ultrasonography machines with a linear array transducer at 7.5 to 10 MHz (Micromaxx; Sonosite and GS60; Siemens) were used to image the lungs in perpendicular planes (transverse, parasagittal, and coronal) in the midclavicular line anteriorly and posteriorly on the chest and in the midaxillary line from the axillae to the diaphragm (eFigure 1). The duration of ultrasonography was determined by time-stamped video recordings. with alveolar infiltrate on chest radiography required admission to the hospital. Thirteen of 200 enrolled patients (6.5%) had chest radiograph-negative lung consolidation of 1 cm or less detected on ultrasonography; 3 of these 13 patients required admission to the hospital for pneumonia. Forty-nine of 200 patients (24.5%) were identified as having pneumonia by ultrasonography, with 36 of the lung consolidations exceeding 1 cm. This yielded an overall sensitivity of 86% (95% CI, 71%-94%) and specificity of 89% (95% CI, 83%-93%) for any positive ultrasonography finding and a sensitivity of 86% (95% CI, 71%-94%) and specificity of 97% (95% CI, 93%-99%) for lung consolidation with sonographic air bronchograms exceeding 1 cm only. Test performance characteristics for clinical examination findings are given in Table 1 . The mean (SD) ultrasonography examination time was 7 (2) minutes. Among 122 ultrasonography examinations pre-formed by sonologists with less experience (Յ25 ultrasonography examinations), the mean (SD) examination time was 8 (3) minutes; among 78 ultrasonograpy examinations performed by sonologists with more experience (Ͼ25 ultrasonography examinations), the mean (SD) examination time was 7 (2) minutes.
RESULTS
Two
Follow-up measures, obtained 2 to 3 weeks after discharge, were completed in 187 patients (93.5%). Clinical follow-up data and outcomes are shown in eFigure 2.
The interobserver agreement was excellent between the enrolling sonologist's interpretation and the blinded reviewing sonologist's interpretation for lung consolidation with sonographic air bronchograms on ultrasonography video image review. Cohen was 0.93 (95% CI, 0.87-0.99).
Our 15 sonologists enrolled a median of 4 patients (interquartile range, 1-17 patients) in the study and a mean (SD) of 13.7 (21.7) patients (range, 1-84 patients enrolled). The effect of sonologist experience on test performance characteristics of ultrasonography is summarized in Table 1 . The point estimates for sonologist sensitivity increased with more experience relative to specificity but was not statistically significant (the 95% CIs were overlapping).
Discordant results between ultrasonography and chest radiography are shown at the bottom of Figure 3 . There were 18 ultrasonography-positive and chest radiographynegative discordant results; 13 of these were chest radiography-negative lung consolidations of 1 cm or less ( Figure 2 ). Twelve of 13 chest radiography-negative lung consolidations of 1 cm or less with sonographic air bronchograms detected by ultrasonography were confirmed by blinded quality assurance review and were consistent with the clinical course of pneumonia (eFigure 2). These cases were treated with antibiotics, resulting in subsequent improvement of symptoms.
Of the remaining 5 ultrasonography-positive and chest radiography-negative results, 3 were equivocal chest radiography readings ( Table 2) , [24] [25] [26] defined as negative for pneumonia (counted against ultrasonography) to avoid inflating test performance characteristics of ultrasonography relative to chest radiography. The remaining 2 ultrasonography-positive and chest radiography-negative results were due to sonologist interpretation error at the left lower chest, misreading the combination of spleen and air in the stomach as lung consolidation with sonographic air bronchograms (eFigure 3).
Of 5 ultrasonography-negative and chest radiographypositive discordant results, 2 were missed lung consolidations with sonographic air bronchograms detected on video review (both Ͼ1 cm) due to operator error and the remaining 3 discordant results were true misses by ultrasonography, with no evidence of lung consolidation on review of recordedultrasonographyvideo.Pleuraleffusionswerefound in 7 of 200 patients (3.5%) by point-of-care ultrasonography and in 3 patients (1.5%) by chest radiography. COMMENT We demonstrated that clinician-sonologists were able to quickly (mean ultrasonography examination time, 7 min- utes) and accurately identify pneumonia in children and young adults. Our prevalence rate of pneumonia (18.0%) is within the range of that reported in published literature (14%-35%). 2, 3, 27, 28 Our test performance characteristics for World Health Organization-defined tachypnea and auscultation (Table 1 ) are similar to other published data regarding clinical examination findings for pneumonia. [3] [4] [5] [27] [28] [29] Based on our data, ultrasonography is more specific (accurate ruling in) than sensitive (accurate ruling out) for pneumonia and is more accurate than overall clinical impression, auscultation, and World Health Organization-defined tachypnea.
Previous investigators have reported on the accuracy of point-of-care ultrasonography for pneumonia by single expert sonologists. Unlike prior research, we used multiple operators with varied ultrasonography experience to evaluate diagnostic accuracy. Copetti and Cattarossi 13 observed that ultrasonography was positive for lung consolidation more often than posteroanterior chest radiography in 79 children with suspected pneumonia seen in an emergency department. Ultrasonography was positive for lung consolidation in 60 of 60 children with confirmed pneumonia, whereas 1-view posteroanterior chest radiographs were positive in 53 of 60 children. Seven children with ultrasonography-positive and chest radiography-negative findings were subsequently confirmed to have pneumonia by computed tomography (CT) or by clinical course and follow-up examination. No children in their study had ultrasonography-negative and chest radiography-positive results (false-negative errors). In a study at the same institution, Parlamento et al 15 reported on point-of-care ultrasonography diagnosis for pneumonia in 49 adults and found similar results.
We speculate that ultrasonography-positive and chest radiography-negative discordant results in these studies were possibly due to radiographically negative small lung consolidations detected on point-of-care ultrasonography, such as were observed in our study. The mean size of missed solitary pulmonary nodules from lung cancer in adults on chest radiography is 1.6 to 1.8 cm (actual range, 0.4-5.5 cm). [24] [25] [26] In our study, 3 chest radiography readings were equivocal for pneumonia and, on ultrasonography image review, lung consolidations with sonographic air bronchograms measuring between 1.5 to 1.8 cm were found ( Table 2 ). This observation supports a limit near 1.5 cm for the detection of lung con- a Lung consolidations with sonographic air bronchograms were found measuring between 1.5 and 1.8 cm at the detection limit of chest radiography. [24] [25] [26] b One of 13 patients had lung consolidation of 1 cm or less without sonographic air bronchograms, indicating consolidation from atelectasis as opposed to pneumonia. Twelve of 13 patients had lung consolidation of 1 cm or less with sonographic air bronchograms, consistent with pneumonia.
solidation by chest radiography. The finding that chest radiography will miss small pneumonia should be expected and is supported by our observations. In our study, 13 lung consolidations of 1 cm or less detected by ultrasonography were found to be negative on chest radiography. Twelve of 13 contained sonographic air bronchograms, indicating pneumonia as opposed to atelectasis. 8, 30 The only chest radiography-negative lung consolidation of 1 cm or less without sonographic air bronchograms detected on ultrasonography in our study had a clinical course consistent with atelectasis and improved without antibiotic treatment.
Using CT as a reference standard among 117 adult patients in the intensive care unit, Lichtenstein et al 14 reported a positive LR of 47, a negative LR of 0.04, 91% sensitivity, and 98% specificity for point-of-care ultrasonography diagnosis of pneumonia. That study included 6 ultrasonography-negative and CT-positive patients. Five were missed because of the posterior location of the pneumonia and because the institution's adult intensive care unit ultrasonography protocol omits imaging of the posterior thorax (anterior, anterolateral, and posterolateral only). The remaining pneumonia (1.5% of pneumonia cases in the study) was undetectable by ultrasonography and was located posteriorly on CT but did not reach the pleural surface. The only ultrasonographypositive and CT-negative result in their study was a very small lung consolidation with an estimated volume of less than 2 mL visualized on ultrasonography.
Studies 31, 32 of lung ultrasonography have shown that clinicians with ultrasonography training (10-30 minutes) can rapidly (in Ͻ2 to 5 minutes) and accurately identify pulmonary pathology using point-of-care ultrasonography. With 1 hour of focused training in a standardized imaging protocol, our sonologists achieved a mean ultrasonography examination time of 7 minutes, consistent with other published data. 31, 32 In comparing novice sonologists with sonologists who have performed more than 25 lung ultrasonography examinations, we observed no statistically significant difference in accuracy (Table 1) . Although our 95% CIs were large, the intervals for positive and negative LRs for novice and experienced sonologists did not cross 1 and significantly change pretest probability.
Ultrasonography of the left lower chest can be problematic, with the combination of spleen and air in the stomach being mistaken for lung consolidation and sonographic air bronchograms. This error occurred twice in our study and can be avoided by paying attention to the location of the diaphragm or the transition of the end of the pleural line to the spleen (eFigure 3). In addition, the sonographic appearance of the thymus (eFigure 4) can also be mistaken for lung consolidation. No errors were made in mistaking the thymus for lung consolidation. Recognition of these potential pitfalls was included in our 30-minute training session.
Although tachypnea may be the most predictive in ruling in or ruling out pneumonia, systematic reviews 4,27 on the subject indicate that no clinical examination finding alone is sufficiently powerful to predict the presence or absence of pneumonia. Point-of-care ultrasonography may prove to be a powerful diagnostic tool to complement the physical examination. Compared with adults, children and infants have thinner chest walls and smaller lung mass, which make them ideal to image by point-of-care ultrasonography. The advantage of ultrasonography over other imaging modalities is that it can be performed at the point of care, without exposing children to the greater cancer risks of ionizing radiation relative to adults. 33 It is feasible and less costly to implement ultrasonography in remote regions 34, 35 or underserved areas and developing countries [36] [37] [38] [39] compared with radiography. [37] [38] [39] These features and the high accuracy rate demonstrated in this and other studies [13] [14] [15] make ultrasonography a promising alternative that has the potential to rapidly diagnose pneumonia at the point of care and to improve outcomes.
Our study has several limitations. Despite our not optimizing or standardizing the reference standard interpretations of chest radiography, the number of equivocal chest radiographs was unexpectedly low. This may have been because of the high experience level of our attending pediatric radiologists. However, chest radiography is an imperfect reference standard but is still a practical and standard diagnostic test for pneumonia. Computed tomography of the chest would be a more accurate reference standard, particularly for very small lung consolidation, as well as for pleural effusions that were detected by ultrasonography but not by chest radiography. Furthermore, CT would allow identification of centrally located pneumonia that did not reach the pleural surface and may be undetectable by ultrasonography, 14 which may be a possible explanation for the 3 true misses (Figure 2 ) by ultrasonography in our study, as well as allow direct comparison of point-of-care ultrasonography with chest radiography. Based on the data by Lichtenstein et al 14 using CT, 98.5% of pneumonia cases have a pleural component in adults.
Although it is taught that pneumonia in children is typically peripheral, published data are lacking on the frequency of pneumonia without pleural involvement in children. Obtaining chest CT in all enrolled children and young adults in our study was not practical and is not our standard of care.
In summary, clinicians with variable ultrasonography experience can diagnose pneumonia in children and young adults using point-of-care ultrasonography. The specificity of ultrasonographic findings obtained in this manner is high.
